Acid-resistant, nonenveloped viruses belonging to the enterovirus, reovirus, and adenovirus groups were readily concentrated on PE60, an insoluble cross-linked polyelectrolyte based on isobutylene maleic anhydride. Hydrolysis of PE60 by NaOH increased its capacity to adsorb viruses. Hydrogen ion levels played an important role in virus concentration; optimal pH levels for maximal virus adsorption were between pH 3.0 and 4.5. Undiluted virus was easily concentrated from large volumes on PE60, and the adsorbed virus was readily eluted at pH 8 to 9.
Acid-resistant, nonenveloped viruses belonging to the enterovirus, reovirus, and adenovirus groups were readily concentrated on PE60, an insoluble cross-linked polyelectrolyte based on isobutylene maleic anhydride. Hydrolysis of PE60 by NaOH increased its capacity to adsorb viruses. Hydrogen ion levels played an important role in virus concentration; optimal pH levels for maximal virus adsorption were between pH 3.0 and 4.5. Undiluted virus was easily concentrated from large volumes on PE60, and the adsorbed virus was readily eluted at pH 8 to 9.
Divinylbenzene cross-linked styrene/maleic anhydride copolymers were found to adsorb highly purified tobacco mosaic virus (TMV) and poliovirus (3) . Purified TMV was adsorbed to polyelectrolytes in salt solution, whereas purified poliovirus was adsorbed to these polymers in distilled water. The effect of organic material on the adsorption of viruses to the polymers was not investigated in the preliminary study by Johnson, Fields, and Darlington (3). Viruses as found in nature or as grown in the laboratory are present in fluids along with salts and organic material. Therefore, conditions for the concentration of viruses from natural or laboratory-grown fluids require more definitive data as to the role of organic and inorganic factors in the adsorption of viruses to polyelectrolytes. Viruses. A plaque-purified line of virulent type 1 poliovirus (Mahoney) with a titer of 10' plaqueforming units (PFU)/ml was used for most of these studies. Other agents used were representative viruses from a number of different taxonomic groups. These consisted of plaque-purified lines of type 1 attenuated poliovirus (LSc vaccine strain); echovirus types 1 (Farouk strain), 7 (Wallace strain), and 12 (Travis strain); coxsackievirus types A9 (Grigg strain) and B3 (Nancy strain); adenovirus (SV15 st:ain); and reovirus type 1 (716 strain). Virus stocks were prepared by a single-cycle passage in MK cultures maintained with Melnick's medium B (0.5% lactalbumin hydrolysate, Earle's salt solution, 0.22% NaHCO3, and penicillin-streptomycin mixture, 100 units or 100 iAg per ml). Viruses were harvested from serum-free cultures and from cultures maintained on media which do not contain detergent. Serum or detergent (such as Tween 80 used in medium 199) elute virus adsorbed to PE60.
MATERIALS AND METHODS
Virus assays. Quantification of virus was performed by the PFU method. Overlay medium consisted of Earle's salt solution, 0.4% NaHCO3, 1: 60,000 neutral red, amino acids as used in Eagle's minimal essential medium, and 1.5% agar (Difco). To enhance plaque formation, 25 mM MgCl2 was included in overlays for enteroviruses (9) , 400,g of protamine sulfate per ml was used in overlays for adenovirus (9) , and 1:60 pancreatin (Oxoid) in overlays for reovirus (11) .
Insoluble polyelectrolyte 60 (PE60). PE60, available from the Monsanto Co., St. Louis, Mo., was provided in the form of a 100-mesh powder. It is an insoluble cross-linked copolymer of isobutylene maleic anhydride.
Preparation of PE60. The polyelectrolyte (PE) was prepared for use by making a 1% suspension in distilled water. The suspension in a centrifuge bottle was shaken on a rotary shaker for 0.5 hr; the vessel was then centrifuged at 2,000 rev/min for 5 min, and the supernatant fluid was discarded along with a small amount of nonsedimentable, or nonwettable, product. The packed PE was then washed twice with distilled water. After the last washing, the pelleted PE was resuspended in 0.1 volume of distilled water to make a 10% suspension. The suspension in portions of 1 ml was then distributed into tubes; the tubes were noted that PE60 suspended in water, stored at 25 C, and used from day to day began to improve in its ability to adsorb undiluted virus at low pH ranges. Such an increase in the number of reactive sites for virus adsorption could result from slow hydrolysis of the PE during storage. Therefore, freshly prepared PE60 was treated with HCI or NaOH to expedite hydrolysis. The adsorption of poliovirus to hydrolyzed PE60 is shown in Fig.  1 , which is typical of several experiments that were carried out. Poliovirus did not effectively adsorb to water-washed PE60 at pH 2.5 to 8.0. PE60 treated with HCI gave results almost identical to those obtained with water-washed PE, and these data were omitted from the figure for the sake of clarity. However, NaOH-washed PE adsorbed virus from suspension with increased avidity. Repeated experiments indicated that the optimal pH range for virus adsorption was pH 2.5 to 4.5 for NaOH-washed PE60; consequently, pH 3.5 was used for subsequent experiments.
A number of parameters were examined to determine the optimal degree of PE60 hydrolysis for virus adsorption. As shown in Fig. 2 , treatment of PE60 with NaOH was most effective between 0.03 and 0.3 N. When the NaOH concentration was increased to 3 N, virus was no longer adsorbed to the hydrolyzed PE.
The 0.5-hr treatrnent time used in the above ex- Effiects of NaCH concentration on hydrolysis of PE6O. Samples (100 mg) of PE6O were treated with S ml of NaOH at the concentration indicated for 0.5 hr at 25 C. The NaOH-washed PE preparations were then repeatedly washed with distilled water to remove residual base, andl the packed PE preparations (100 mg per tube) were then treated with S ml of undiluted poliovirus at pH 3.5 for 1 hr on a rotary shaker. The tubes were then centrifuged, and the supernatant fluids were assayed for unadsorbed virus. Control virus held at pH 3.5 for 1 hr at 25 C on the rotary shaker did not lose titer.
periments had been arbitrarily chosen. To determine the effects on PE60 of different times of treatment with NaOH, 100-mg samples of PE60 were treated with 5 ml of 0.1 N NaOH at 25 C for the times indicated in Fig. 3 . The results of this experiment indicate that treatment with NaOH for more than 0.5 hr did not greatly increase virus attachment to the PE. However, prolonged treatment (5 hr or longer) produced excess hydrolysis, and less poliovirus was adsorbed to the hydrolyzed products. Repeated experiments confirmed the above results and indicated that 0.5-to 3.5-hr NaOH treatment of PE6O at 25 C gave essentially the same results.
Since hydrolysis proceeds more rapidly at elevated temperatures, the effects of increased temperatures were determined. PE60 (100-mg samples) was treated with 0.1 N NaOH for 0.5 hr at 4, 25, 37, 50, 60, 70, and 80 C. The NaOHtreated PE preparations were then washed five times with large volumes of distilled water to remove residual NaOH. A 5-ml amount of undiluted poliovirus was added to each 100 mg of packed PE, and the pH was adjusted to 3.5 with HC1. The samples were rotated mechanically for 1 hr. The tubes were centrifuged at 2,000 rev/min for 5 min, and the supernatant fluids were assayed for infectivity. As shown in Fig. 4 , treatment of the PE at temperatures over 60 C caused excess hydrolysis, and less virus was removed. Low temperatures (4 and 25 C) did not produce sufficient hydrolysis; the optimal temperature for NaOH treatment of the polymer was 37 to 55 C.
Elution of poliovirus from PE60. Since poliovirus adsorption to PE60 was negligible in isotonic salt solutions at high pH levels, or in the presence of serum, such diluents were used to elute adsorbed virus. The test was performed by adsorbing poliovirus to NaOH-washed PE60, and then the PE-v'rus complex was distributed into tubes so that each tube contained 100 mg of PE and 5 X 108 PFU of poliovirus. The packed PEvirus complex was treated with different solvents, and the eluents were assayed. The experimental procedures and results of these tests are described in Table 1 . Eluents used at low pH levels (7.5 and below) failed to elute the virus. However, virus could be efficiently recovered from the PE with phosphate buffer at pH 8 or with borate buffer at pH 9. Thus, virus can be efficiently recovered with eluents that by themselves are nonantigenic.
The elution efficiency depended on the pH achieved after the eluent was added to the packed PE. Borate at pH 9 added to a small amount of packed PE was affected by the acidic polymer, and pH levels of the PE-eluent mixture averaged 7.5 to 8.5. When 3 ml of borate buffei was added to 1 g of packed acidic PE which had Fig. 2 , except that PE60 was treated with 0.1 N NaOH for 0.5 hr at the temperatures indicated without shaking. NaOH was added to the PE, which had been suspended by shaking a few times, and then the PE-NaOH mixture was placed at the temperatures indicated. A control of PE60-NaOH mixture which was shaken for 0.5 hr on the rotary unit was compared with a duplicate sample which was stored at 25 C without shaking. Both samples yielded similar results, and therefore only one sample at 25 C is plotted. been used to adsorb virus at pH 4, the eluate was brought to acidic ranges, and elution was poor. Therefore, after addition of eluents to the PE, the mixture was monitored and readjusted to pH 9 to obtain efficient elution.
Effect of time and PE concentration on poliovirus adsorption. Under the optimal conditions for hydrolysis of the PE as described above, an experiment was conducted to determine the capacity of 100 mg of PE to adsorb excess virus. In duplicate experiments, the reaction of 400 mg of PE60 with 20 ml of undiluted virus was compared with the reaction of the virus with 25% of the amount of PE previously used (100 mg/20 ml of virus). The time was varied, as shown in Fig. 5 . Although the 400 mg of PE60 used to adsorb the virus contained in the 20 ml of undiluted harvest removed virus from the supernatant more effectively, the 100 mg concentration adsorbed 99% of the virus within the first hour. When 100 ml of undiluted virus was treated with 100 mg of PE60 for 2 to 4 hr, again 99 bSorensen's phosphate, NaH2PO4, 0.05 M. was washed with distilled water and used to concent poliovirus as follows: 20 ml of virus was mixed 100 mg ofFE60 andl a second sample of20 ml of v was mixed with 400 mg ofFE60. The pH was adju to 3.5 with HCl, and the samples were stirred a magnetic unit for the time indicated. Samples obtained and centrifuged to sediment the FE. supernatants were assayed for unadsorbed virus. 60% recovery and a 200-fold concentration ml.
Counterimmunoelectrophoresis gave precip lines at a dilution of 1 :4 with the original v harvest against antiserum made in rabbits aga normal tissue culture extracts (MK). The 20 concentrate (eluate) failed to manifest a precip line even when tested without dilution against same antiserum. Thus, although the virus concentrated 200 times, the nonviral protz were not concentrated, as they were not detecti in the eluate under the conditions of the test.
The adsorption of virus to the PE was enhan by the filtration procedure used (see Fig. Virus that had not collided with PE and becc adsorbed during stirring was passed through a pad, thus increasing the efficiency of virus adse tion.
Concentration of other acid-resistant viruses on PE60. A number of other acid-resistant viruses were treated with PE60 as described above. The experimental procedures and results are shown in Table 2 . All viruses tested (coxsackievirus, echovirus, reovirus, and adenovirus) were adsorbed to the PE, and efficient elution of the viruses was accomplished in 0.1 volume. Thus, all viruses examined could be concentrated on and eluted from PE60 by use of a simple procedure.
Since 6 . Concentration of poliovirus from large volumes on PE60. One liter of undiluted poliovirus was treated with I g of NaOH-treated PE60 at pH 3.5 for 4 hr at 25 C on a magnetic stirrer. The virus-PE mixture (while still stirring) was then filtered (at 25 C) through an AP20 coarse fiberglass pad (Millipore Corp.) to trap the virus-PE complex on the filter pad. This was performed by leading a rubber tubing from an aspirator bottle containing the PE-virus suspension to the inlet ofa 47-mm Millipore filter holder containing the AP20 filter pad. The outlet of the filter holder was connected to a vessel to which vacuum was applied. After the entire suspension passed the pad, the filter holder was opened, and the virus-PE was scrapedfrom the pad with a spatula. The recovered PE was suspended in 3 ml of borate-NaOH buffer (pH 9, 0.05 M) to elute the virus. After vigorous mixing of the PE-eluent mixture, the supernatant was assayed for virus. The total time requiredfor this procedure was less than 4.5 hr. (5) , and then only 2.25 ml of virus could be passed through the resin per hour to obtain efficient concentration. The adsorption and elution of 10 enteroviruses to bentonite was dependent on a number of requirements (4): three strains were adsorbed at acid pH levels, but the degree of adsorption varied. Elution of the viruses required different solutions, and thus no single procedure was established for concentration and elution of the 10 viruses tested.
5.7
Similarly, adenovirus concentration on diethylaminoethyl-cellulose columns required dialysis of the virus stocks, and then elution of exchanged virus at specific molarities of salts (2) . Different serotypes required different molarities for elution off the column.
In the current study, we have shown that acidresistant viruses preferentially adsorb to an insoluble PE in the presence of tissue culture proteins, salts, amino acids, and vitamins, ultimately yielding a virus concentrate in the form of an eluate low in nonviral protein. The method is simple; the requirements for adsorption to and elution from the PE of all viruses tested are essentially identical. Although each of the tables and figures describes a single experiment, the data are representative of many experiments carried out with each virus, which yielded essentially the same results. NaOH-treatment of PE enhanced adsorption of certain viruses, but such hydrolysis did not deleteriously affect the PE and did not prevent adsorption of those viruses which do not require NaOH treatment of the PE. Thus, hydrolysis of PE60 could be routinely performed so that all acid-resistant viruses could be concentrated by a single procedure. These methods have been adapted to routine use, and Table 3 indicates the parameters for concentration on PE60 of acid-resistant viruses present in different fluids. The concentration of viruses on collodion membranes (8) is more laborious and requires more equipment than the procedures described in the present paper. Adsorption of viruses to aluminum salts (7), also used for virus concentration, presents a problem in that only limited quantities of fluids can be used before the alumina gel clogs the filtration system; further, the tissue culture harvests must be diluted 10-fold before use to reduce the protein concentration of the virus suspension because A12(OH)3 binds proteins and depletes the available sites for virus adsorption.
One application of this study is the purification of viruses by adsorption to and elution from polyelectrolytes in the preparation of vaccines of good antigenicity with low reactivity as the nonviral proteins are removed. Another application is in the detection of viruses contained in natural fluids where they are often present in subinfectious quantities. Concentration of virus on PE60 from sewage, urine, feces, and tap waters has already been reported (1, 6, 10) .
